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INDIRECT METHODS FOR (OBTATNING RAM-JET EXHAUST-GAS
TEMPERATURE APFLIED TO FUEL-METERING CONTROL

By Eugene Perchonok, William H. Sterbentz
and Stanley H. Moore

SUMMARY

An analytical method has been developed that glves two inde-
pendent means of obtaining the totel-temperature ratio across a
ram Jet or across g turbojet tall-pipe burner without direct
measurement of the flnal gas temperature. Experimental verifica-
tion of this enalysis has been obtalned with a2 20-inch ram Jet
over a wilde range of operabting conditions. ZElther method of
evaluetion described can be used to determine the final gas total
temperature of & rem Jet or turbolet tall-pipe burner, a tempera-
ture that is ususally too high for simple direct measurement.
Inasmuch as the thrust of a ram Jet is dependent upon the value
of the total-temperature ratlo, these methods of evalnation also
provide the basis for two general types of engine fuel-metering
control.

INTRODUCTION

In the initial develommental stages of the steady-flow ram
Jet, the fuel flow to the englne was manually adjusted by means
of a throttle in the fuel line In order to allow for variations
in eltitude, airspeed, and fuel-alr ratioc. (See references 1
to 3.) Manual control of the fuel flow 1a expedient for test-
stand, wind-tunnel, and flying test-bed studies of the rem Jet
but is unsa:bisfa.ctory for plloted-fllight application.

The need for a fuel-metering control was recognized at sn
early stage in the develomment of the ram Jjet and several syotems
have been proposed, developed, and used. The simpleat system is
e constant fuel-flow conbtrol, which is limited in application to
an engine designed for comstant combustion-chember conditions and
is satisfactory at only the design airspeed and altitude. '
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Another general type of fusl-metering control being studied,
but not. yet developed, uses the engine back pressure, which is
varled by controlling the fuel flow, to position the shock in the
supersonic diffuser. The shock position 18 detected by a statlc-
pressure wall-orifice survey. Such a control is applicable only at
supersonic speeds.

Most of the other proposed fuel-metering controls are designed
to maintain a constant preset fuel-alr ratio and operabe in = man-
ner similar to the carburetors of reciprocating englnes. Several
of theae controls have been developed and at leaat one has been
uged successfully in free flight. These devices are limited in use,
however, because they neglect the variation in the total-temperature
ratio across the ram Jet.

References 4 to 6 indicate that at any glven alrspeed and
altitude the net thrust coefficient of a given ram Jet 1s dependent
upon the total-temperature ratic across the ram jet and the exhaust-
nozzle-throat erea. In the design of a ram-Jet fuel-metering con-
trol, emphasis should therefore be placed not only on the control
of the fuel-alr ratio, which is but one of the several factors
affecting the total-temperature ratio, but on the aotual control of
the value of the temperature ratio.

If the final gas temperature could be directly measured, 1t
would be a aimple matter to evaluate the total-temperature ratio
and then control its actual value by varying the fuel flow; however,
the temperature values desired for high thrust output and achileved
by the geses In a ram Jot under most operating conditions are above
any known practical means of direct measurement. Until a simple
practical means of directly measuring these high temperatures is
developed, an indirect method of obtaining the total-temperature
ratio must therefore be applied.

An anslysis of the process of heat addition in conatant-area
combustion chambers as applied to ram-jet or turbojet tall-pipe
burners indlcates two possible means of determining the total-
temperature ratio from engine pressures and temperatures that are
readily measured: (1) the static-pressure-drop method, which is
based on a relation between the total-temperature ratio and the
gtatic-pressure~-drop coefficient across the ram-jet combustion
chember; and (2) the combustion-chamber-inlet Mach number method,
vhich is based on a relation between the total-temperature ratio
and the combustion-chamber-inlet Mach number.

These relestions are developed, their experimental veriflcation
is presenmted, and their relative merits are discussed. In addition,
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several total-temperature-ratio meter designs (hereinafter referred
to as "T-meter") are proposed. These designs proviae a symple
means of evaluating the total-temperature ratioc and also provide
the basis for ram-jet fuel-metering comtrols using the total-
temperature ratio as the control varisble.

SYMBOLS
The following aymbols are used in this anaiysis:

A cross-sectional area, square feel

g acceleration of gravity, feet per second per second

M Mach number

m mass flow, élugs per second

P total pressure, pounds per square foot absolute

P statlic pressure, pounds per aguare foot absolute

Ap statlc-pressure drop, pounds per square foot

q dynanic pressure, pounds per sguare foot

R gas constant, foot-pounds per pound per °F

T total temperature, °R

t static temperature, °R

v velocity, feet per secomd

r ratio of specific heat at constant vressure to
specific heat at constant volume

B ratio of mass flow at combustion-chamber outlet mg
to mass flow at cambustion-chamber Inlet ms

p density, slugs per cubic foot

T total-temperature ratio scross ram Jet, Tg/Ty (where
T, is taken as egual to Tg)
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a, a'
B, B*, B"
]
2’ b constants
c
) 4
Subscripts:
o froe gtream
1 supersonic-diffuser inlet
2 supersonic-diffuger throat
3 diffuser exit and cambustion-chember inlet
4 statlion immediately downstreem of burner
5 combustion-chamber outlet
6 exhaust-nozzle throat
b 4 between stations 2 and 3 but upstream of point of

fuel inJection

APPARATUS AND FROCEDURE

The experimental data presented were obtained in an investiga-
tion of a typloal 20-Inch ram Jet in the Cleveland altitude wind
tunnel. The englne was mounted in the wind-tunnel test section
below a 7-foot chord wing, which was supported at the tips by the
wind-tunnel balance frame. Dry refrigerated alr was supplied to
the ram Jet through a pipe from the wind-tunnel make-up air duct.
This alr wase avallable In the make-up alr duct at approximately
sea-level pressure and was throttled to provide the desired total
pressure at the diffuser lnlet. The ram Jet exhausted directly
into the wind tunnel where the static pressure was varied to obtain
different values of ram-pressure ratlo across the engine.

This installation eliminates the need for a supersonic 4if-
fuser; the subsonlc diffuser used In thls investigation began at
station x (fig. 1). For data presented as a function of fres-
stream Mech number M,;, an equivalent My calculated from a
pressure ratio is used. For values of Mgy 1less than 1, the

Wy B
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subsonlic-diffuser-inlet total pressure was teken as the free-stream
total pressure. For values of My greater then 1, the measured
diffuser-inlet -total pressure was adjusted in accordance with the
ratio of the total pressures asrossg sn asssumed supersonic diffuser.
This pressure ratio was taken as the theoretical pressure ratio
across a normal shock abt the throat of a convergent-divergent super-
sonlc diffuser designed to allow shock entry at the pertinent

My value.

Restraint of the model by the ram pipe was obviated by a
gealed slip Jolnt ingerted between the ram plpe and the diffuser
inlet, The tunnel balance system could then be used to measure the
engine thrust. The value of the final gas total temperature was
camputed from values of engine thrust and gas flow (references 5
end 6). A survey rake was used to determine the diffuser-inlet
total pressure Py, the diffuser-inlet static pressure p;, and

the diffuser-inlet totel temperature Ty. These preasures and tem-
peratures were used to compute the air flow through the engine.

The combustion-chember-inlet static pressure pz was taken as the
average of five stetio-pressure wall-orifice readings; the static
Pressure immediately downstresm of the burner ps;. was obtained
with a single statlc-pressure wall oriflce, and the combustlon-
chamber-outlet static pressure Py wes teken as the average of
seven stablo-pressure wall-orifice reasdings. A rotsmeter was used
t0 messure the fuel flow to the engine.

The range of operation covered by the datae presented Includes
equivaelent free-stresm Mach numbers My from 0.64 to 1.44,
combustion~chember-inlet Mach numbers Mz from 0.09 to 0.18, pres-

sure agltitudes from 10,000 to 35,000 feet, fuel-air ratlos from
0.028 to 0.085, and combustion efficlencles from 52 to 79 percent.
The total temperature Ty was held at +10° F and the fuel-

injection temperature was held at 200° £10° F.

DETERMINATION QF TOTAL-TEMPERATURE RATIC BY
STATIC-PRESSURE-DROP METHOD

Analysls

In applying the stabtic-pressure-drop method 6f determining
the total-temperature ratlio to the problem of obtaining ram-jet
exhaust-ges temperatures, a genersal expresslon relating the con-
ditions before end after hegt addition to a nonviscous compressible
fluld flowlng in a constant-area tube 1s used:

GEESETIIRNT Ay
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V-1 1/2
RSTS 751/21"'75!432 1+ 52 Msz
= (1)

Rs T, 73 1+ 7 M52\, 752'1 2

This equation is based on one-dimensional-flow relations and is
derived in the appendix as eguation (AS).

The solution of the square of equation (1) 1s plotted in
figure 2, which gives the varlatlon of the combustion-chamber-
outlet Mach number Mz with the combustion-chamber-inlet Mach

number M; and the quanbity pZ (11:5 :5> for 7z = 1.4 and

3 +3
75 = 1.3. These assumed values approximate those encountered in
actual engine operstion. The curves in figure 2 show the change
in the Mach number of gases flowlng through a constant-area tube
caused by the addition of heat to the gases. Turbulence losses
introduced by a flame holder, which have been included 1n similer
dete presented in reference 7, are not included here. It can be
agsumed for simplicity that all the fuel has already been intro-
duced at station 3; then u = 1. In eddition, Rg/Ry can be
agsumed equal to 1 with little error. If these assumptions are
made, the curves of figure 2 give directly the variation in Mg

with changes in T5/1'3 and Msz.

An expression for the statlic-pressure drop In gases flowing
through a congstant-area tube resulting from the addition of heat
is given by the following equation in terms of dynamic pressure
at the tube inlet and Mach number and ratio of specific heats 7
at the tube inlet and outlet:

2
p3-p5=1+73M3 s 75\, (2)
“s A R

This expression is derived in the appendix as equation (All).

When data fram figure 2 are Bubstituted into equation (2) and

-
the expression solved, the varlation of ..5_2;1_5_ with Mz and

S
|_|.2 (%T_S_) for 75 =1l.4 and 7yg = 1.3 can be obtained (fig. 3).
3 Tz

frm
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A similar curve in terms of the total-pressure loss is given in
reference 8. The choking line Iin figure 3 is the condltion at
which Mg becomes equal to 1.0.

The data of fligure 3 have been cross-plotted In figure 4 in
Pz = P5 2 (B5 T
order to show the variation between _2—‘15- and p° | — o at
R 3 +3
constant values of Mz. If pz ié is assumed to be equel to 1,
3

at a given value of Mz the curves of figure 4 indicate an

P3

- P
epproximately linear relation between —&gs_é and Tg/Tz over a

limited range of variation of Tg/T;. The range of veriation of
Ts/Tz over which this approximation holds decreases at larger
values of Mz. If Mz 1is small, qz ocan be expressgd. E'Bp Pz - pz,
and when the assumptlon of linesr varliation between 'iZq_s_s' and

Ts5/Tz is applied, equation (2) cen be approximated by the general
form

Pz -Ps (75 .
T ° (T—s)”’ (=)

where a' and D! are constants pecullar to the conflguration amnd
the range of Tg/Tz and Ms.

An expression of the type glven by equation (3) can be derived
for the total-pressure loss across a constant-area cambustion
chamber (reference 9) and used to evaluate the ram-jet exhaust-ges
temperature (reference 10); however, the actual measurement of the
total pressure in s high-velocity, high-temperature gas stream is
difficult, whereas the stabtlic pressure can be measured easily with
a static wall orifice.

Equation (3) is an expression relating the conditions before
and after heat additlon in & cambustion chember in which friction
has been neglected. In an actual cambustion chsmber, the over-all
static-pressure loss cen be measursd and divided, as suggested in
reference 9, Into combustion losses and friction losses. Because
the effect of eny fuel additlion after station 3 is negligible, the
static-pressure drop-between stations 3 and S can then be given in
termas of the dynamlc pressure at statlion 3 a=

e



8 CERER NACA BM No. E7H27 .

Aps.5 (Ar34 4245 <AP3-5 )
= + + %

)
5 er 5 shell friction combusation
. (4)

Because the friction static-pressure-drop coefficient for a
glven engine configuration remains, in practice, essentlally
congtant with the chenges 1n heat addition usually encountered, a
measurement of the over-all static-pressure-drop coeffi-

lrm

A : . : . .
clent P5-5 can be used to give a measure of the cambustion

A
static-pressure-drop coefficient ( Pz- )
%3 /combustion

form of equation (3) may thus be applied to the over-all static-
pressure drop lnstead of to merely the cambustion static-pressure
drop, which 1a difficult to evaluate in practice. In the discus-
gion that follows, (pz-pg) therefore refers to the over-all

static-pressure drop across the combustion chamber.

. The general

If fuel 1s Introduced Iin the diffuser upstream of station 3
in order to allow premixing of the air and the fuel before com-
bustion, it may be desirable, in using equation (3) for evaluating
'.1'5/'.133 s o measure conditions at station 3 by other means than con-

ventional total- and static-pressure tubes, which may become v
plugged with fuel. Of several methods available, an indirect
means of obtaining the vealue of the quantity Pz-pz was chosen

for this investigation. From the expression for the consérvation
of mass (neglecting the change in mass due to fuel addition) and
within the incompresaible-flow restrictions, it can be shown that

Zp %
By w5 - rw) () me (=)

Station x was chosen in the diffuser upstreasm of the point of
fuel injJection, but downstream of the essumed shock at station 2.
The actual value of was determined with a static wall orifice.
The experimental datapindica:be that for a 20-inch ram Jet and a
value of Ay/As of 0.5 the variation in the guantity

A5 ] P35 %x :
AR

(%) %% “
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wag very allight over the entire range at which the rem ;je"b was
operated, even with preheated fuel injected upstreem of station 3.
Equation (5) can therefore be reduced to

Ps =Pz = O(Px-Pz) . . (6)
where ¢ is a constant expressing the quantity

2
fz) Px 3
Az / Pz bty

If equation (6) is substituted into equation (3), the relation
expressed by equation (3) can be given in terms of conditions at

station x
Pz - Ps5 a('rs)
= 2 =-a—|+>b (7)
Px - Bx Iz

The tota.l-'bempera-.ture ratio across the engine TG/'.EI 1s more
nearly a measure of engine performence than Tg/Tz.. If the tem-

perature rise 1n the exhaust nozzle is assumed to be negligible,
Tg can be substituted for Tg. In addition, the temperature

difference between the polnt of fuel inJection and the cambustion-
chember inlet may be assumed to be negligible and T, substituted

for Tz. Equation (7) then becames

Pz - P .
3-S5 5=a<:_6)+b=a-1'+'b (8)
PI'PI x

If the constants & and b are known, the measurements
required for the calculation of Tg from equation (8) are simple.
The temperature T, can be measured with a thermocouple or an

expansion or resistance-bulb thermameter. The total pressure Py

can be measured wlth a total-pressure tube. -The static pres-
sure p, can be measured with elther a static-pressure tube or a

s'b.a.tic wall orifice and static pressures Ps and Pg can be

measured with static wall orifices. The effect of the flsme-holder
preasure drop can be elimiqated. by using a statlc pressure Dy

measured immedigtely downstresm of the flame holder instead of Dpx.

iy ~+
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Exporimental Verification

Bxperimental data obtalned during altitude-wind-tunnel inves-
tigations of a typical 20-inch rem-jet configuration are presented
in figure 5 in the form suggested by equation (8). The over-all
statlic-pressure-drop coefficient across the cambustion chamber is
rregsented in this figure as a function of the total-temperature
ratio across the engine Tg/Ty. The experimental date indicate

that the substitution of Tgffy for Tg/Pz in equation (7) can
be made successfully. '

Also given in figure § are the values of combustion-chamber-
inlet Mach number Mz for representative data points, and the
static-pressure-drop coefficient across the flame holder as a
function of the total-temperature ratio acroas the ram Jet. The
data indicate that the flame-holder static-pressure-drop coeffi-
clent 1s constant and dces not vary with T,

The data in figure 5(a) were obtalned with a 20-inch ram Jeb
having an 8-foot combustion chamber and a 2-foot converging exhaust
nozzle with & 15-inch exhaust-exlit dlameter. Data for the same
combustion-chamber length with converging nozzles having 17- and

1e%-inch-exit diemeters are presented in figures 5(b) and 5(c),

respectively. Data for a 5-foot combustion chamber with 15- and
17-inch exhaust-nozzle exit diameters are presented in figures 5(d),
and 5(e), respectively.

The experimental data substantiate, with 1little ascatter, the
trends indicated by the theory and show that the general form of
equation (8) can be applied to any of the configurations. The
mean curve drawn through all the data of figure 5(a) is given by
the simple lineer expression

Pz - P T
=3~ S _ 0.762 <ﬁ!—§> - 0.50 (s)
Py - Px x

end is independent of actual values of altitude, alrspeed, fuel-alir
ratio, and combustion effliclency. The seme curve has been drawn
through the data of figures 5(b) and S5(c) and, as in figure 5(a),.
there 1g little scatter of the experimental data. , The same expres-
sion (equation (9)) has therefore been used to give the relation
between the over-all statlc-pressure-drop coefficient across a
glven combustion chember and the total-temperature ratlo for a
variation in exhaust-nozzle area of 56 to 88 percent of the
combustion-chamber area.

L o O
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The apparent insensitivity of the constants in eguation (9) to
large changes in the aresa ratio between the combustlion chamber end
the exhaust nozzle is a desirable feature becsuse 1t will permit
the use of the general form of equation (8) with ram jets having
variable-ares exhaust nozzles.

Variation in the Intermal frictlon losses will cause a change
in the constants a and b of equation (8). The changes in these
constants effected by shortening the cambustion chamber is-indi-
cated by a comparison of figures 5(a), 5(b), and 5(¢) for an 8-foobt
combustion chember and figures 5(d) and S(es for a 5-foot combus-
t€ion chsmber. The relative ilngensitivity of the comstantas in
equation (8) to nozzle dlameter 1s again demonstrated in fig-
ures 5(d) and S5(e); the same linear curve has been drawn on both
figures. In thls case, however, the curve ls glven by the
expression

P3 - P5 _ g.e82 (T_G\ - 0.60 (10)
Px - Px \Tz:

-

and differs froam equation (9) only because of the decreased shell-
friction pressure drop.

During operation some heat will be lost through the cambustion-
chember walls to the smblent atmosphere or to a cooling medium;
however, the relations developed are still valld and, furthermore,
within the restrictions of one-dimensional flow, these relations
can be applied to constant-ares combustion chambera of arbitrary
shapes. d

In addition to the application to a ram Jet, a preliminary
study of experimental dabts indicates that the enalysls presented
can also be applied to a constant-area tail-pipe burner on a
turbojet engine, which might be expected because the tail-pipe
burner on a turbojet englne l1s essentielly e ram Jet.

The analytical develomment that resulted in equations (1) end
(2) assumed that heat was being added to gases flowing through e
constant-area combustion chasmber. On some ram Jets, heat may be
added to the gases in e dlverging or converging combustion chember.
The development of a general expresslon for the process of heat
addition in such a combustion chamber is difficult because the
manner and rate at which the heat 2ddition is sccomplished deter-
mines the pressure and Mach number changes. The nesrest approach
to a general expression thet can be given for this type of process

CEREFTINETIEET |
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is equation (A6). The simple method of cbtaining T fram the
static-pressure drop across the cambustion chamber outlined herein
cannot be directly used for heat addition in a nonuniform-area
combustion chamber.

Based upon the success achleved in replacing a nonuniform-
aree cambustlon chamber with an equivalent constant-area chamber
for purposes of calculation, as was done in reference 9, & linear
relation may also result between T and the pressure drop in a
nonuniform-area cambustion chamber.

Application

The relation between the statlic-pressure-drop coefficient and
T has inmediate application in the design of: (1) a T-meter and
a final -gas-temperature indicator, and (2) a fuel-metering control
to permit the presetting of T before take-off or, if desired,
its variation in flight.

Two general T-meter designs, which also provide the basis
for a fuel-metering control, are proposed. The first design is
mechanical; the second design wtilizes an electrical circuit to
indicate the value of T. These designs can be unsed at both sub-
gonlic and supersonlic flight velocities. From the fuel-metering
agpect, the desligns are developed only to the point where an
indication 1s given if a change in fuel flow is required and
whether the change should be an increase or a decrease in fuel
flow. The mechanism for actually changing the fuel flow is a
detall of the fuel system used and will not be diacussed.

The over-all static-pressure loss can be expressed, eas pre-
viously indicated, in the form of equation (8) For an applica-
tion in which T is constant, equation (8) can be reduced to amn

even simpler form as
Pz - Pg = C(Py - py) (11)
vhere C 1is a constent replacing the term (a - T+ D ).

Expresaions such as equations (8) and (11) may be applied
to T-meters utilizing a multiple diaphragm or a bellows system.
Such a meter provides the basis for a fuel-metering control. A
schematic diagram of a T-moter that utilizes a bellows system
and 1s based on mechanical principles is illustrated in fig-
ure 6(a). The position of the fulcrum is fixed by the constant C
in equation (11). If dlaphragms are used instead of bellows, a

ol >
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fixed fulerum position can be replaced by a seriea of diaphragms of
given area ratios. If the ram Jet 1s operated over a range of

T values, the fulcrum position can be made adjusteble and calil-
brated in terms of T according to equation (8).

A needle pivoting with the balance arm sbout the fulcrum
indicates whether the system is balanced and whether the engine is
opereting at the desired value of T. If the system is out of
balance, the needle will indicate whether zn lncrease or dscreese
in 7T (and conseguently in fuel flow) .is required to obtain
balance. : '

The schematic diegram of & T-meter using a Wheatstone bridge
circuilt, also based on equation (8), 1s shown in figure 6(b). The
actual pressure differences can be obtained with bellows or dia-
phregms and are made to vary a resistance in the circuit that is
proportional to the pressure difference. When used as a T-meter,
the resistance a * T in figure 6(b) 1s varied until the bridge
i1s balanced. Thils resistance 1s callibrated in texrms of T and the
value of T 1is thus determined. When used in & control system,
the meter will show the amount and direction of T unbalance.
This indication can then be used to cause a variatlion in the fuel
flow as .-required until a balance in the bridge is restored, thus
indicating that the vaiuve of T desired has been obtalned.

A variation in the exhaust-nozzle area at a given value of
My and T will also cause & varlation in the net thrust of the

engine. If these suggested fuel-metering systems are used with
ram Jets having adjustable-aree exlit nozzles, a thrust calibration
in terms of Ay as well a8 Mg and T 1s therefore reguired.

DETERMINATION OF TOTAL-TEMPERATURE RATIO BY MACH NUMBER METHOD

Analyals

The Mach number method of determining T differs from the
static-pressure-drop method in that the Mach number method uses
only a measure of the combustion-chember-inlet dynemic and static
pregsures In evaluating T. In applylng this method to the deter-
mingtion of 7T, an expression based on the conservation of mass
that relates conditions at the cambustion-chember inlet to those
at the exhaust-nozzle throat Is used. This relatlion is given by
the following eguation:

.
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y. o1 1/2
1/2 1/2 6, 2
up_3A_1 E‘izﬁ) .=M67_6) T (12)
Pg Ag \Rz T3 Mz\73 L.t 2
Z— M

An expression similar to this equation is derived in the appendix
as equation (A6).

Several simplifying assumptions are required before equa-

tion (12) can be reduced to an expression suitable for application
to experimental data. . EQuation (12) can also be given as

1/2
T Ag P 76-1
o e e S

where K 1s the term

(13)

73+1

1/2 -
1(33 7 |t/ (1- 7571 2)2(73-15
—_— —— ot — L%

If the quantity %(gs- :_6>1/2 1s assumed constant and if Mz 1is
6 /3

sufficlently small that second order terms of Mz oan be neglected,

then the value of K 1in equation (13) can be assumed constant. If

the right side of equation (13) is multiplied and divided by Pg

and 1if the general exprsession relating the total and static pres-

sures and the Mach number is applied, equation (13) becomes

T A, P

6 6 ©6 Mg

S .-.Kg_2._.S 14)

" T3 Az Py (7g+1) (
2176-15

(b + 75" e?)

The relation given by equation (14) indicates that for a glven
area ratio between the exhaust-nozgzle throat and the cambustion-

chamber iniet, the paremeter 7o 18 a function of Mg and
5 T
Pg/Px. Before choking occurs at station 6, the gquentity Mgz, / T_G'
3

. T

{18
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will increase as Mg increases if the ratio Pg/Pz is held con-
stant. After choking occurs at stationm 6, Mgz becomes and remains
aprroximately equal to 1.0; if the ratio Pg/P; is fixed, the

T
quantity M T% therefore also becomes constant. For coavenience,

A /'I‘
Ms T—G can be expressed as & function of My, inasmuch as Ms
3
is e function of My (referemce 5). After the engine is choked,

A ol ———— ol L ar
G0 niCv Vary i mge

g
1

T ArraTrave W Py | ar A e Taamama oo mds aande
ek N m NOWVWLID wVilDvally

Experimental Verification

f:c
The variation of %'\v .TE with M, for a typlcal 20-inch
X

rem Jet with a 15-inch and a l7-inch diameter exhaust nozzle ias
glven in figure 7. The approximate pressure altitudes st which
the data were obtained sre indicated. As with the data presented
for the static-pressure-drop method of determining T, Ty 1ie

assumed equal to T3.

A / T
The condition gt whick Ms T_s. becomes constant is shown
x

in figure 7. A% a fixed-area ratio MAg/Az, any changes in the
pressure drop between stations 3 and 6 caused by & varistion in
the fuel-injector, flame-holder, or combugtion-chamber length,
will disPlace the curve. The large shift in the curve caused by
changing the exhaust-nozzle dlameter from 15 to 17 inches is due
primarily to the change in area ratio  Ag/Az, and secondarily,
to an accompanying change in the pressure ratio Pg/Ps (refer-

ence 6). It might be expected that for a given exhaust-nozzle

diameter, variations in pressure loss caused by chenges In T
would scatter the data; however, the curves indicate that over
the range of T &and Mz investigated this effect 1s negligible.

Also presented in figure 7 are two theoretical ocurves bhased

on equetion (14) of this report and eguation (13) of reference 5
for a 20-inch ram jet with 15- and 17-inch exheust-nozzle dlam-
eters. It was assumed that the second-order terms of Mz can be

neglected and that Pg/Px =1, p =1, Rz = 535.3, Rg = 53.8,

EQERRITTED
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75 = 1.4, and 7g = 1.3. The displacement of the experimental

data from these. theoretical curves is due primarily to the total-
Pressure logses encountered In the actual engine.

For any given engine for which a curve similar to those showm
in figure 7 1s avallable, the value of Tg or T can be easily

determined. In order to obtain the value of Tz, only the values
of Mg, Ty, end My need be known. If the value of T 1is
desired, only Mz and My need be measured. Once the ram jet is

;hokod., the actual value of My 18 not neelled to determine either
6 or T.

Application

The relation between T, Mz, and Mg has four applications
to ram Jetas of a given design and geometry:

(1) A T-mster and final-gas-temperature indicator

(2) Fuel-metering control to permit presetting of T before
take-off or ite variation in flight

(3) A combustion-chember-inlet Mach number comtrol to limit
or vary Mz by controlling T +through changes in fuel flow

(4) A supersonic-diffuser shock-positioning control to
operate by controlling Mz &t the pertinent value for a given Mo

The fourth application will not be discussed.

As with the static-pressure-drop method of determining T,

two general T-moter designs are presented that also provide the
basis for a fuel-metering control. The first design 1s mechenical,
whereas the second design uses an electrical circuilt to indicate
values of T. These deslgns are for supersonlic-flight applicetions
only. From the fuel-metering aspect, the designs are esgain devel-
oped to the point where an indication is given if a chenge in fuel
flow is required and the mechanlsm of actually changing the fuel
flow will not be discussed. '

The superaonic portion of the curves on figure 7 can be
expressed as

My 6 = p® (15)
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Because the velocitles encountered at station 3 in ram jets
are low enough to neglect compressibllity effects, “3 can be
' [z -
given with reasonable acouracy by £3_£5.) . Assuming a con-~
73 P3

stant value of 7, equation (15) becomes

ny2
vhere B' = 73(2 )

For & constant valus of T, equation (16) reduces %o

Ps -ps -
- B (17)

wvhexe B equals B!,
T

As previously discussed, (PS’PS) can be expressed in terms
of (Px-py) 1If meesurements at station 3 are difficult to obtain.
(See equation (8).)

The schematic dlagrems of T-meters based on egquation (18) are
shown in figure 8. Figure 8(a) preasénts a design using mechanical
prinéiples and figure 8(b) a design using a Wheatstone bridge cir-
cuit. Both units must he operated In a sealed container maintained
at a constant intermal pressure in order to eliminaste the effect
of variable smbient preasure on the unbslanced bhellows. The oper-
ating principles and technigues of these designs are the same as
those dimcussed for the T-meter designs presented for the static-
pressure-drop method of determining 7. No modification of these
designs ig required for thelr use in limiting combustion-chember-
inlet Mach number. It requires only that & minimum value of T be
impoged, thus limiting the maximm Mz that will occur.

CONCIUSION
Two effective meens are availaeble for determining the total-
temperature retio T across a ram Jet or across a turbojet tall-

pipe burner, as well as the final gas temperabure when simple
direct temperature measurement is not possible. The first method

SEEEDENTIREY
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is based on & relation between the total-temperature ratio and the
static-pressure drop across the combustion chamber, Only fixed
combustion-chamber geometry and configuration are regquired and
variation in exhaust-norzle-exit ares 1s tolerable. There is no
discontinuity in the relation at choking and it 1s independent of
actual values of altitude, airspeed, fuel-air ratio, and combustion
efficlency.

The .second method is based on a relation between the total-
temperature ratio and the combustion-chamber-inlet Mach number and
the free-stream Mach number. Thie relation requires fixed engine
geometry and fixed internal frictiocnal losses and is discontinuous
at choking.

Additional T-meter designs undoubtedly can be conceived that
use mechanical or electrical devices, or a combination of both,
ectuated by pressures directly or by pressure differences. The
purpose of this paper, however, 1s not to deacribe all the possible
devices, but to indlicate that both the aforementioned relations can
be used to evaluate 7. Inasmmch as most current turbolet tall-
plpe-burner designs have constant-area coambustion chembers, the
methods of T evaluation and fuel-metering control suggested can
be applied to turbojet englnes with teil-pipe burning as well as
to rem jeta. *

Some precautions must be observed in the wse of T as & con-
trol variable. First, an overriding control is required to limit
the fuel flow to that value at which meximm T ococura. X the
fuel-metering control calls for an increase In T after the maxi-
mum T has been reached, further increases In fuel flow msy vause
T to decrease and continue to decrease as the fuel flow is

increased.

Secondly, the fuel-alr-ratio range at which a ram Jet 1s oper-
ated may sometimes be fixed by the operational limits of the con-
figuration rather thean by the maximum T value attalnsble. In
auch cases the overriding control mey be set for a limiting fuel~
flow renge instead of merely a maximum fuel flow.

An additional restriction of a meximum final gas temperature
may also be imposed on the control. Such a restriction results
from materials and cooling limitations. With this reatricitionm,
the T-measuring element of the control cen be used to indicate
the final gas temperature and a temperature-limitlng feature can
be added to the overriding control.

Flight Propulsion Research Lsboratory,
National Advisory Commlfgee for Aeronantics,
Cleveland, Okio *
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APFERDIX - THEORETICAL ANATLYSIS

In order to provide the basis for a study of the temperature
increase in the gases flowing through a ram Jet and to provide
methods of evaluating this increase without dlrect temperature
meassurement, a theoretical enalysis must be made to determine the
effect of heat addition to gases flowlng in a constanbt-area tube.
The type of supersonlc diffuser uwsed is Independent of the analysis
to be developed. The analysis sssumes a nonviscous one-dimensional
compreesible fluld and is presented in a manner that is moat useful
for the applications dlscussed herein.

The expression for the conservation of mass between stations 3
and 5, the combustion chamber, (fig. 1) ie glven as -

P5 &3 V5 = P5 A5 V5 (Ala)

If fuel is added after station 3, equation (Ala) beccmes

Pz A 73(:33) = Pg A5 Vg (41b)

But
V = M AbgRt (a2)

and

By cambining equations (Alb), (AZ2), and (A3), the following rela-
tion 1s obtained

- mi () (9" @ (a0

where
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Inasmuch as

by
T — (a5)
14 22208

equation (A4) can therefore be written as

1/2

Ps‘s Bs 5)1/2 1/2 tre (a8)

Because Az = Ag, Iif any momentum effects due to fuel addi-

tion after station 3 are neglected, the conservation of momentum
between stations 3 and 5 may be given as

Ps + Pg V5 = 25 + o5 Vg’ (a7)
vhich becomes, in terms of Mach number,

2

L+
}'E,__s_is_z. (a8)
P5 1495 M

Substituting equation (A8) into equation (A6) gives the following
expression:

. 1/2
-1
1/2 1/2 s 2
u(Rs Ts) " (75) —* 75 %‘52 Bl (a9)
R: T Mz \» Yz—-1
573 87 lrrsMg\1 4 S n?

Equation (A9) gives the variation of Mach number across a constant-
area combustion tube due only to heat addition and does not include
any pressure losses caused by shell friction oxr by the burmer.

By rearranging the terms of eguabion (A7), the following equa-
tion 1s cbtained:

L Y

ltg
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2
- p V.
s pg_’. S 55- 1 (A10)

Then, by substituting from equations (A2), (A3), and (A8), egua-
tion (A10) can be given in terms of Mach number as

Pz - Ps5 _ 1+ 75 M52\ /Ms® 75 1
2a (1+75 Msz) W 73) (a11)

Equation (All) is an expression for the static-pressure-drop coef-
ficlent in a constant-area tube, due only to heat addlition. A
similar expression can &lsoc be derived, if desired, for the total-
pressure-drop coefficient. (See reference 8.)
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(b) Suggested electrical design suitable for application to fuel-metering control.

Figure 8. - Concluded,
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